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ABSTRACT

Flow patterns and the associated residence time distribution are
important facters affecting the performance of a chemical reactor.
This dissertation investigates the flow patterns in a scale~model
of a gas reactor where opposing inlet jets are used to create
mixing. The effects of different vessel geometries and gas flow-

rates are 1nvestigated.

The residence time distribution (RTD) was measured by means of
radioactive tracer techniques. The extremely short mean recidence
time in the vessel necessitated the use of sharp tracer pulses and
a computerised digital recording system. Flow visualisation
experiments were also performed to aid incerpretation of the

results.

The results were analysed using the method of frequency analysis,
in which the coefficients of the Fourier Series are used to
characterise the RTD curves. Tt was found that the shape of the
RTD curve is unaffected by change in flowrate; i.e. the flow
patterns are independent of flowrate over the cange investigated.
The geometry of the vessel however plays a major role. The effect
of reducing the length/diameter ratio of the reactor is an in-
crease in the mixcdness in the vessel. Internal recirculation

patterns are well-defined at a nigher length/diameter ratio.

The RTD curves were also used to set up mathematical flow models.
Simple multi-parameter models were used, where the vessel was
viewed as consisting of interconnected flow regicns such as plug
flow, stirred tank, and axial dispersion. Close fits of the

mathematical models to the experimental RTD curves were obtained.




-to
-t
-t
[y

DECLARATION

AR 3TNl F 7

I declare that this dissertation is my own wnaided work, and has

B s

LTS

not been submitted before for any degree or examination in any

other University.

%,ZM :

15th day cf September, 1982.

e ida

TR T T M e
B e A e Lt %




P i it

ACENOWLEDGEMENTS

N

I would like to thank the following people:

My superviscrs, Profs D.Glasser and A.W.Brysow, for their valuable

guidance and assistance,

AECI Limited, for sponsoring this wurk, and particularly Mr A.D.

Engelbrecht and Mr G.J.van den Houten for their support during the

project.

Mr L.Schwartz and Mr A.C.Harris for their excellert workmanship in

the construction of the apparatus.

Mr T.L.Nam of NPRU, Wits University, and Mr 1.D.Hill of AECI

i

Limited for advice concerning the use of radioisotopes.

Mrs A.L.Thercn, Mrs M.D.Knodell and Mrs J.Bowley for the produc-

tion of the manuscript.




CONTENTS

CHAPTER
1. INTRODUCTION
2. EXPERIMENTAL APPARATUS ARD PROCEDURE

2.1 Reactor Models
2.2 Flew system
2.3 Residence Time Measurement Equipment
2.3.1 Selection of a Tracer
2.3.2 Tracer Injection
2.3.3 Tracer Moniteoring System
2.3.4 Statistical Errors of Radiation

Measurement

EXPERIMENTAL RESULTS

3.1 Input Curves

3.2 Qutput Curves

3.3 Experimental Tail Fitting and Conversion to
Dimensionless Time Units

3.4 Flow Visualization

FREQUENCY ANALYSIS

4.1 TIntroduction

4.2 Theory

4.3 Results of Frequency Analysis

MATHEMATICAL HODELS

5.1 Proposed Flow Models

5.2 Laplace Transforms

5.3 Model Fourier Coefficients

5.4 Titting of Mathematical Models

5.4,1 Least Squarcs Fit of Fourier coefficients

PAGE

N S o B & R < %

-2

Y BN B

18
18
23
30

48

50
50
51
54

64
64
66
68
72
72




vi.

5.4.2 Regeneration of the RTD Curve 73
5.4.3 Variation of Model Parameters with 73
¢ Freqiency

6. RESULTS OF MATHEMATICAL MODEL FITTING 74

6.1 Long Reactor 74

6.2 Short Reactor 95

7.  CONCLUSICNS ‘ 110
NOMENCLATURE 113
REFERENCES 115
APPENDIX I : Calibration Curves 118
APPENDIX II : @Craphs of the Qutput Curves for the 121

Long Reactor

APPENDIX 1II1 : Graphs of the Output Curves for the 132

Short Reactor

APPENDIX 1IV - Graphs of the Fourier Coefficienus, 143
Ariplitude Ratio and Phase Angle for

the Output Curves of the Long Reactor

APPENDIX V : Graphs of the Fourier Coefficients, 159

Amplitude Ratio and Phase Angle for

the output curves of the Short Reactor
APPENDIX VI : Equations associated with Normalisation 175
and Exponential Tail Titting of Experi-

mental Data

APPENDIX VII : Time Domain Solutions and Moments for 177

the Mathematical Models.

A A s U

kil

. A




P e e i
goFE A

APPENDIX VIII Derivation of the Fourier Coefficient 185

ar

Equations for the Recycle Model

APPENDIX IX : Derivation of the Fourier Coefficient 193
Equations for the Bypass Model

.

APPENDIX X Significance of the Shape of the Ampli- 195

tude Ratio Plot of the Long Reactor

APPENDIX XI : Computer Programs. 201




g

1. INTRODUGTION

For the design or modelling of a chemical reactor, one not only
needs information describing the reaction kinetics, but also a
knowledge of the flow patterns in the reactor. The flow patterns
determine the length of time spent in the reactor by each element
of the fluid, and are also important in determining the heat and
mass transfer. The purpose of this work is to investigate the
flow patterns in a scale-model of a gas reactor with a certain
geometry, where opposing inlet jets are used to create mixing.
The effect of flowrate on two different length vessels is inves-

tigated.

The transport of material through the vessel is governed by the
conservation equations for mass, momentum and energy. With appro-
priate boundary conditions, these -equations can in theory be
solved to generate a complete velocity distribution for the fluid
within the vessel. Apart from a few simple geometries, this
approach generally leads to a complicated set of differential
equations, where the effort expended to obtain useful solutions
generally far exceeds potential benefits. This method lLas been
applied to combustion systems by Oran (1); who concluded that the

technique is limited to one dimensional systems in most cases.

The concept of residence time distribution (RTD) or the fluid in a
vessel developed by Dankwerts (2) is a convenient way of charac-
terising the overall flow behaviour in a vessel. The theory rela-
ting to residence time distributions is describad in references
(3), (4) and (5). The RTD curve is specially useful for diagno-
sing possible flow problems such as bypassing, channelling, recyc-
ling and stagnancy. Stimulus-response techniques are used to
determine the residence time distribution experimentally, where
the stimulus is a tracer input into the fluid entering the vessel
and the response 1is a time record of tracer 1eéving the vessel,
In this work a pulse input is used, as it s simple to implement
and provides the most useful information. The extremely short

mean residence time in the vessel (0,4 to 2 seconds) caused many
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experimental problems and it was necessary to use very sharp
pulses of tracer. A radio-isotope (Krypton-85) was chosen as a
tracer, and a technique of automatic digital radiation counting

was used tc record the response at the vessel outlet.

The residence time distribution was analysed using the method of
frequency analysis, in which the coefficients of the Fourier
series are used to che:acterise the RTD curves. This technique is
described in referewces (6) and (7). This method has also been

used to analyse cother transient processes (8,9).

For first order reactions, the RTD curve can be used directly to
predict conversion in the :eactor. For more complex reactions it
is necessary to first set up a model for the flow patterns in the
vessel, before an estimate of conversion can be made. The next
step 1is therefore to fit simple non-ideal flow models to the RTD
curves. Selection of a flow model is based on the physical confi-
guration of the reactor, visual observations of the flow patterns
where possible, and the shape of the RTD curve. The model is
fitted to the RTD curve by comparing the theoretical model Fourier
coefficients with those of the experimental RTD curve. Tha para-
meters of the theoretical flow model are varied until the closest
fit between the theoretical and experimental Fourier coefficients
is obtained. The method of least-squares may be used for this
fitting procedure. This method of using frequency analysis for
the fitting of flow models has many advantages over the more
commonly used method of moments or the method of RID curve fitting

in the time domain (see section 4.1).

For vessels with complex flow patterns the ideal plug flow and
stirred ctank (CSTR) models, as well as the two-parameter models
(e.g. axial dispersion, stirred tanks in series) which describe
simple deviations from the ideal models, are inadequate. Multi-
parameter models must thereforec be employed. The most generally
used multi-parameter models are the combined models (3,4,5,10), in
which the wvessel 1is viewed as consisting of interconnected flow

regions with wvarious types of flow in and between the rezions.

e s




Each of the individual small regions is usually restricted to one
of the following: (a) plug flow, (b) perfectly mixed (CSTR),
tc) axial dispersion, (d) dead space. Types of flow streams
included are (a) cross flow or exchange of fluid elements, (b) by-

pass flow, (c) recycle flow.

No work has previously been published on RTD models for the type
of reactor used here. Clegg (11) has mode'led the flow of water
through a filled cylindrical vessel with one inlet jet. He used a
recycle model with a number of mixed tanks in series in each loop
(simitlar to that used here), and computed the parameters of his
model by trial and errcr. Various types of rerycle models have
been wused in rhe literature, mainly to describe mixing in stirred
tanks., Gibilaro (12) gives a summary of the work done on recycle
models prior to 1970. The most popular recycle model has been one
with instantaneous recycle (13,14), i.e. no time delay in the re-
cycle stream; as the analysis of this model is far simpler. In-
stantaneous recyle is, however, unrealistic for most flow systems.
A comprehensive and more general mathematical treatment of recycle

systems has recently been presented by Mann (15).
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Buchi  of the individual small regicns is usually restricted to one
2 the following: (a) plug flow, (b) perfectly mixed (CSTR),
(¢) axial dispersion, (d) dead space. Types of flow streams
included are (a) c¢ross flow or exchange of fluid elements, (b) by-

pess flow, (c) recycle flow.

No woo. uas previously been published on RTD models for the type
of reacter used here. Clegg (11) has mode'led the flow of water
through a filled cylindrical vessel with one inlet jet. He used a
recy~ie model with a number of mixed tanks in series in each loop
(similar tc that wused here), and computed the parameters of his
model by trial and errcr. Variouc types of recycle models have
been used in rhe literature, mainly to describe mixiung in stirred
tanks., Gibilaro (12) gives a summary of the work done on recycle
models prior to 1970. The most popular recycle model ".us veen one
with instantanecus recycle (13,14), i.e. no time delay in the re-
cycle stream, as the analysis of this model is far simpler. In-
stantaneous recyle is, however, unrealistic for most flow systems.
A comprehensive and more general mathematical treatment of regycle

systems has recently been presented by Mann (15).
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2. EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 REACTOR SCALE-MODELS

The reactor scale-model Is meulded from dmm perspex sheer. It
consists essentially of a cylind.ical centre section with conical
end sections. Two centre sections of different lengths are used
in this study. Flanged connections are provided on either end for
inlet pipes and the cutliet is above the centre of the vessel. The

vessel dimensions are shown in figure 2.1.
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Vessel volume: Long model : 2882
Short model : 184 £

FIGURE 2.1. REACTOR MODEL (SIDE ELEVATION).
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2.2 FLOW SYSTEM

The flow system is shown schematically in figure 2.2. A Howden
L-2 fan provides the air flow of up to 20 Q00 m3/h. Flowrates of
between 470 and 1650 mB/h are required for the tests, the rest
being bypassed through a 34cm x 2lcm rectangular duct and rsed for
dilution of the radicactive tracer gas from the reactor. A fur-
ther 30 000 m3/h of air is used for final dilution to acceptable
levels (IO.s/nCi/cm2 for Kr-85) before venting to atmosphere. The
air to the reactor {is split into two streams in 8Cmm nipes,the
flowrates being controlled by gate valves as well as a butterfly
valve on the bypass line. The flowrate to each inlei nozzle of
the model is measured by means of an o.ilice plate flowmeter,
designed according to the British Standard (BS 1042, Part 1,1964 —
see appendix I for calibration curve}. A straight length of 1,4m
is allowed for the irnlet nozzles so as to stahilize the flow. The
pipe diameter at the inlet is 105mm . The radicactive tracer
gas 1is injected into one of the inlet nozzles at & point 30 cm

upstream from the reactor.

A 500 1/min vacuum pump (Eéwards ED 500) is used to draw a sample
continuously at high velocity from the reactor outlet. The
sample pipe is "constructed se that it can t averse the cross—
section of the reactor outlet in two directions. The air sample
flows wvia a 10 mm rubber tube to the radiation detection cell
where the concentration of the tracer gas is monitored. A gate
valve is wused to regulate the sample flowrate, which is measured
by a rotameter (Appendix 1). From the vacuum pump the sampled
air 1is fed back into the main stream from the reactor to prevent
escape of radioactive gas. A further sampling point is loczted
at the entrance to the reactor so that the input pulse can also be
measured, and used for correction of the output tu obtain the true

RTD.

Feeders are mounted on the two 76 mm pipes leading to the reactor
for introducing powder/beads for ithe flow visualisation experi-

ments.
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2.3 RESIDENCE TIME MEASUREMENT EQUIPMENT

2.3.1 Selection of a Tracer

Any material that does not disturb the flow pattern and behaves in
the same way as the working fluid except that it can be detected
can be used as a tracer. Radioisotopes are particularly suitable
because only very small quantities are required and only negli-
gible disturbance results. Also, because of the small quantity,
very fast injection can be achieved. This is of great importance
in this study where the shortest mean residence time is 0,4
seconds. Radiation measuring equipment with very fast response
times can be used, which is equally important. A further advan-
tage is that tracer concentration can be measured from outside the

pipe (for Y-emitters), should this be required.

There are also many factors to be considered when selecting a
suitable radiu-isotope. Krypton—-85 1is chosen here chiefly
because it is a high activity beta emitter (0,67 MeV), haiing only
a small gamma emissiorn. This is important from a safety aspect,
as beta rays are easily absorbed by even a 6 mm perspex sheet.
The disadvantage is naturally that detection of g-rays cannot take
place through the wall, and sampling is necessary. The half~life
of the isotope must be long enough {ien years for Kr-85) to allow
storage for a sufficient period. Other important factors are the
availability, price and maximum specific activiny. Disposal or
recovery of the isotope sometimes presents a problem. In this
work in order to satisfy the emission limit 2 maximum of 10 mCi of

krypton could be used per test.

2.3.2 Tracer Injection

High speed injection of the tracer is achieved by means of a spe-

cially constructed syringe (see Fig. 2.3). The cylinder is of
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steel, with a light'aluminium piston and rubber seal. The sy-
ringe is mounted on the inlet nozzle, its tip extending into the
centre of the pipe. The krypton gas (approx. 8 em3) is trans—
ferred from the atmospheric pressure storage vessel in an ordinary
syringe with needle. The rneedle is pushed through a special
rubber septum on the injector syringe for filling. A shut—off
valve on the tip of the injector syringe prevents tracer from
leaking into the system both before and after injection. It also

helps to disperse the tracer into the air flow in the pipe.

Electrical contacts are provided for the up and down positions of
the piston so as to record the time of injection as wall as the
duration of the piston downstroke. By keeping the length of
travel of - the piston short and the syringe spout wide, an accep-
table injection time of five milliseconds could be achieved using

a hammer stroke.

2.3.3 Tracer Monitoring System

A continuous sampling techniqfue to monitor tracer concentration at
the outlet is wused, for two reasons : so that a beta emitting
radio-isotope can be used, and because a detector on the outside

would lack spatial resolution.

The sample 1is drawn through a hollow cylindrical flow cell which
is machined out of plastic phosphor scintillator material (Nuclear
Enterprises NE102A;. The nozzles of the flow cell are offset so
as to swirl the gas through the cell and thus eliminate dead space
(see TFig. 2.4). The flow characteristics of the cell are shown
to approximate a well-mixed vessel (CSTR), wi-.h mean residence

time of between 12 and 14 milliseconds.

Two independent systems are used to monitor the concentration in
the flow cell: an analogue and a digital system (see Fig. 2.5).
Two photomultiplier tubes, 50 mm for the digital System and 38 mm

for the analogue system, are coupled to either end of the flow
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cell. A conical perspex light guide is used to reflect the scin-
tillated light internally from the flow cell to the smaller photo-
multiplier, perspex having a similar refractive index (1,50) to
the polyvinyl toluene (1,58) base material of the scintillator.
The flat surfaces are coupled with optical grease, and the flow
cell and photomultipliers are housed in a light-tight copper

cylinder.

Light photons are emitted by the phosphor in the scintillator
material when struck by the beta radiation. These photons are
collected in che photomultiplier tubes and converted to voltage
pulses which are fed into preamplifiers and amplifiers for pulse
shaping and amplification. The bipolar Gaussian pulses from the
amplifiers are fed into single channel pulse height analysers (or
discriminators). Here most of the pulses resulting from back-
ground radiation are eliminated by accepting only pulses above a
set minimum voltage. Ten volt logic pulses (positive rectangular
pulses) are produced by the discriminator and fed eitl-r to a

pulse counter (digital system) or a ratemeter (analogue system).

The more conventional analogue system was set up initiallv. The
linear count-ratemeter is essentially a resistance in parallel
with a capacitance which produces a continuous output of voltage
proportional to the count rate of the input pulses (16,17).  The
ratemeter results are somewhat in error due to the first order

time lag of the R-C circuit,
It can be shown (17) that for & ratemeter:

dE
E1=E2+Rc-a—{:?‘

where E; 1is the true steady state voltage corresponding to the
count rate, and Ep is the indicated voltage. The trinsfer

function for the raremeter is thus: T

F(S) =E2(S) = 1
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where T = RG (resistance x capaci ance).

The ratemeter time constant T is adjustable and is set according
to the speed of response required. “  sutput voltage from the
ratemeter is recorded on an ultra-violet recorder (Honeywell
visicorder model 2106). The connecting resistors shown in figure
a7 are for impedance matching and optimum damping of the Visi-
covrder galvannmetsr response. The YVisicorder response is fast
emough for the lag to be ignored.  Another chzanel of the Visi-

corder is used to record the tiae of injection.

mhe hearrt of the digital recording systen is a Hewlett-Packard
28354 desktop computer and HP 2940A Measurement and Control Pro-
CRESUL The processor is interfaced with the Canberra Model 817
pre:mplifier/amplifier/discriminator via the HP 22905A Counter/-
¢repper Card. The taking of readings 1s thus controlled by a
computer program (see Appendix XI.1).  The electrical contacts of
vhe tracer injector are connected to another channel of the Coun-
tev/Stepper Card, anu the computer program arranged so that when
vhe injector contact is broken, the gathering of readings automa-
rically begins. The number of pulses are counted by the counter,
ané  the toral count is read repeatedly at fixed intervals, with
the £id of a built—~in timeyr in the processor. The number of rea-
dinge .an be varied wup to 230, and the interval length can be

vartsd according tu the time scale of the experiment. The count

. nsn therefore be calculated which, after correction for the

rat
ineryrumeni dead-time (see Section 2.3.4), is proportional to the
rrecer concentration in  the flow cell. Data is stored on mag-
-4 tape and used for subsequent computations without requiring
wanval recording. A line-printer and x-y plotter are also

comnected to the computer for displaying results.

VRIS Staristical Errvors of Radiation Detection .

Dus  te  the statistical nature of radiocactive decay, there is an

wneertainty associated with radiation counting. 1t has been
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shown that a radiation count has a Poisson distribution (18) :

-N _ N
P _ e N

N

where N radiation count

H

(discrete stochastic variable)

=z
i

mean of the distribution of N

The standard deviation is given by:
0'=‘V§

Therefore, the interval N + 1,65 has a coniidence level of 90%

(18); i.e. we are 90% confident that the percentage earror of a

reading will be within:

1,65V 1

N

i

100%

165
VvV R at

v+

% (2.1)

where R = count rate

At = count interval (for digital system)
At = 2 x raremeter time constant (for analogue system).

Equation (2.1) clearly show. that a compromise must be made
between accuracy and speed of response. For greater statistical
accuracy t must be made large, but this results in a slower re-

sponse with a smoochening out of some detail in the curve.

A further error associated with radiation detection is what is
known as the dead time of the instruments (18): This is due to
the effect of two or more pulses arriving so close together that
they are seen as one pulse by either the amplifier or the counter.

Effectively, the counter is '"dead" for a period corresponding to




the length of one pulse. Therefore, over a period of one second,
the counter will be dead for r TDseconds, and receptive for (1 -

r‘rﬁ seconds.

Therefore,

where R = true count rate
r = observed count rate
Tp = dead time

The effect of dead time is thus to produce a non-linear respomnse,

but it can easily be corrected for f{in program 'READ"), once the

dead time is known.

The two-source test is used to determine the dead time. In this
test, one radiaticn source is placed close to che detector and the
count rate measured (rA). A secord source is then also placed

near the detector without disturbing the first source and the com-

bined count rate measured (rAB).

The first source 1is then removed without disturbing the second

source and the count rate from the second source measured (rB).

The background ccunt rate is also measured with both sources

removed (r, ).
b
The subscripts refer as follows:

~ source A
B -~ source B
AB - both sources A and B

b -~ background radiation

The following equations can thus be written
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1 - rATD
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Rb - b
1 - rbTD
Therefore
TAB  _ A, ‘s _ b

Pl

1-rapTp 1-7mTp  t-mh BT
The above equation can now be solved for Tp.

When repeating the above T measurement at different count rates,
the calcu:laced value of T remained constunt, showing that the

corrected count rate is ‘'inear with source activity (or tracer

concentration).

The amplifier used in the analogue system showed a dead time of
26.5 % 166 seconds. Because of this long dead time, this system
could only be used for count rates up to about 10 000 counts per
second, for which the statistical error is still too great
(eq 2.1). The analogue system was therefore only used to check
the digital system during commissioning of vhe latter, and to
measure the computer delay time between Injection of the tracer

and the start of the reading cycle.

—&
The dead time of the digital system was 1,85 x 10 seconds, allow-

ing count rates of up to 150 000 counts per second to be used. It

—
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was found that the best compromise between accuracy and speed of
response was then made with a reading interval At such that 230
readings were taken in a period of 6,5 times the mean residence
time. With this system the staﬁistical error was reduced to

values comparable with other errors in the system.
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3. EXPERIMENTAL RESULTS

Input and output curves were recorded at five different flowrates
(denoted as runs 1 to 5 in the following) for each of the two

different lengths of the reactor.

3.1 INPUT CURVES

The 1input curves were recorded by simply shifting the sampling
point to the vessel inlet, the opening of the sample pipe being
placed in the centre of the vessel inlet nozzle, downstream of the
injection syringe. The input curves are the same for the two
reactoyr lengths, as the same set of flowrates are used in both.

The Flewrates used are tabulated in tables 3.1 and 3.2.

TABLE 3.1. REACTOR FLOWRATES

| | ORIFICE | ORIFICE P | ORIFICE T | REACTOR V | NOZZLE |
| RUN | AP | UPSTREAM | |  TOTAL | VELOCITY|
[ | (en 4,60 | (em w0 | )| o /m) | (m/s) |
! I —| [—- l | |
[ 1 ] 85 | 56,5 | 32 | 1650 | 26,4 |
| 2 [ 60 | 39,8 | 34 | 1380 | 22,0 |
| 3 | 30 | 25,0 | 29 l 972 | 15,6 |
| & | 15 | 16,4 | 28 | 686 | 11,0 |
| 5 | 7 | 10,5 l 28 l 469 7,5 |

There are two time delays associated with the recording of the
input and output curves, viz. the time taken for the pulse of
tracer to travel down the inlet pipe from its point of injection,
and the time taken for the sampled gas to reach the detection flow

cell from the sampling point. All flowrates and time delays are
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calculated in the program "READ" (Appendix XI). The time delays
are based on the average velocities in the pipes, and are summa-

rised in table 3.3

TABLE 3.2. SAMPLING FLOWRATES

I | ROTAMETER | ROTAMETER | ROTAMETER | SAMPLE | FLOWCELL|
| RUN | READING | P | T | PIPE v | v |
o | Gmtg) | (%) | (/s) | w@/m) |
| |— l |-~ | ! l
| 1 | 23 | 7,2 | 31 | 55,8 | 16,6 |
| 2 | 23 | 7,2 | 32,5 | 56,2 | 16,7 |
P2 ] 23 | 7,4 | 28 | 55,8 | 16,6 |
| & | 20 | 5,7 | 27 | 48,9 | 14,4 |
| 5 | 20 | 5,8 | 26 | 48,8 | 14,3 |
TABLE 3.3. TIME DELAYS

| | NOzzZLE | SAMPLE PIPE | TOTAL | FLOW CELL |
| RUN | DELAY TIME | DELAY TIME | DELAY TIME | MEAN RESI- |
| l | [ | DENCE TIME |
| i (sec) l (sec) I (sec) [ (sec) |
| | | |- | |
| 1 | o,o114 | 0,0111 | 0,0224 | 0,0122 |
| 2 | o0,0136 | 0,0110 | 0,0246 | 0,0121 |
I 3 | 0,0193 | 0,0111 | 0,0303 | 0,0122 |
4 | 0,0273 | 0,0126 | 0,0400 | 0,0141 |
i 5 | 0,0399 | 0,0127 l 0,0526 ° | 0,0141 |

l;.; e
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As described in section 2.3.3, the radiation count rates are cal-
culated in program MREAD" by reading the total count rate repea-
tedly at fixed intervals. Each count rate is then associated with
a time corresponding to the middle of that reading interval.
Radiation counting begins at time zero and thus the first reading
is at a time of one half of an interval. The time scale is
corrected in the program by subtracting the total delay time from
the time of the first reading. A further correction is made by
adding 20 milliseconds to the time of the first reading; this is

the measured execution time of the program from the instant when

the injector contact is broken till the counting begins.

In order that the high frequency content of the output signal is
not lost, the input pulse must be as sharp as possible, i.e. as
close as possible to an ideal impulse. For this reason, the dis-
tance between the injector and the vessel is kept short (300 mm)

and the sampling pipe is kept as short as possible (618 mm).

At each flowrate three recordings of the input count rate Vs time
curve are made. Intervals of 3 msec between readings are used to
achieve a Ffast enough response. After subtraction of the back-
ground count rate, the curves are normalised with respect to the
Y axis (i.e. unity area under the curve). The chree curves are
then averaged, to reduc: the statistical error associated with the
radiation counting (see program "RTD-AV", appendix XI.2). Repro-
ducibility was good and three curves are found to be sufficient to
produce a good average. The averaged input curves (with corrected
time scales) are shown in figure 3.1 and the calculated means and

variances in table 3.4,

e




TABLE 3.4. CHARACTERISTICS OF INPUT CURVES

| rUN | MEAN |  varRiance |
| I Tin ! U;DZ l
! ! (sec) | (sec?) |
R i |- -]
| 1 | 0,0189 | 5,8 x 10751
| 2 | 0,0190 | 5,8 x 1075
| 3 ] 0,0212 | 6,9 x 1075 |
| 4 l 6,0234 | 1,00 x 107% |
| 5 i 0,0285 | 1,28 x 1074 |

Besides accounting for dispersion in the jnlet and sampling pipes,
the ‘"input" curves also include the effect of the detection flow
cell (see par. 2.3.3). In figure 3.1 it can be seen how the
variance of the input curves increases as the flowrate decreases,
due to increased dispersion in the inlet pipe. Dispersion in the
sample pipe has negligible effect (6% = 1,7 x 166 sec?; o =1,3
msec). For ruas 1| and 2 the shapes of the input curves are due

mainly to the flow cell response, and for the higher flowrates the

inlet dispersion effec: plays a greater role.
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3.2 OUTPUT CURVES

The output (response) curves are recorded by sampling in the
centre of the reactor outlet. By traversing the outlet in two
directions with the sample pipe, it is found that its position has
litrle effect on the results and sampling in the centre provides a
good average. Information on the flowrates used is given in
Tables 3.1 to 3.3. The method of correction for time delays is

the same as for the input curves (section 3.1).

In the case of the long reactor model, about five recordings of
the output curve are made at each Flowrate, and about eight in the
case of the short reactor. After subtrz-tion of the background
count rate the curves are normalised to unity area under the
curve. The individual output curves are given in Appendix 2 for
the long reactor and Appendix 3 for the short reactor and examples
of these are reproduced in Figures 3.2 and 3.3. Graphs of the
mean output curve and standard deviation between cu.ves are also
given in the Appendices. In these curves, each discrete reading
is joined by straight lines. It can be seen from Figures 3.2 and
3.3 that the output curves are scattered, and the necessity for
averaging is obvious. This scatter of the data can be attributed
to large-scale fluctuating eddies in the vesszl, i.e. a deviationm
from true steady-state conditions. The curves for the short
reactor are more scattered, which is why it was necessary to
average more Ccurves. As would be expected, the standard devi-
ation is greatest at points where the output curve has the highest
slope, 1i.e. at rhe initial sharp drop after the first peak (see
e.g. Fig 1I.8). The process of averaging also reduces the sta-
tistical error of radiation counting, vhich becomes relatively

large for the low count rates in the tail region of the curve.
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TABLE 3.5. CHARACTERISTICS OF THE OUTPUT CULVES OF THE LONG REACTOR

_— [reo— - ——— P

| | CORRECTED | READING | NUMBER | | |
| RUN | TIME OF | INTERVAL | OF | Re | v/¥ |
I | FIRST READING] | READINGS | f |
| | (sec) | (sec) | i I (sec)|
| l e | i I I i
| + ! o,00775 | 0,02037 | 245 | 31 800 | 0,63 |
| 2 | o0,00552 | 0,02037 | 245 | 26 100 | 0,75 |
[ 3 | 0,00446 | 0,02961 | 230 | 18 900 | 1,07 |
| 4 | 0,00095 | 0,06183 230 ! 13 300 | 1,51 1}
| s | -0,00202 | 0,06113 | 230 | 9150 | 2,21 |
| | | | . | AREA UNDER |
| RUR | Toue oy | (=T Ty,) | FIRST |
| | (sec) ! (sec ) | (sec) | PEAK !
| i ! -] l i
| 1 | o,b20 | 0,279 | 0,601 | 0,36 §
| 2 | o,828 | 0,531 { 0,809 | 0,30 §
b3 11,213 ] 1,153 | 1,192 i 0,29 ;
{4 | 1,593 | 2,054 ] 1,370 i 0,28 I
[ s | 2,266 | 4,494 { 2,238 ! 0,34 :

The main charactesistics of the average output curves are sumna-
rised in tables 3.5 and 3.6. The Reynolds number is c2lculated on

the average vessel cross-sectional area and basea on one side of

the vessel. The reading intervals are selected such that 230 rea-
dings are taken over a period of about 6,5 timcs the mean vesi.-
dence time, for reasons discussed in section 2.3.4. The mean and

variance of the output curves (T andooutz)‘are calculated by

out
numerical integration. The mean residence time (tr) which is

given by the difference between the means of the output and input
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curves, is seen to be fairly clnse to the value predicted by
{vessel volume)/(flowrate), though the former value is an average
of 4% higher <for the long reactor and 9% higher for the short

reactor.

TABLE 3.6. CHARACTERISTICS OF THE OUTPUT CURVES OF THE SHORT REACTOR
| | CORRECTED | READING | NUMBER | | i
| RUN | TIME OF | INTERVAL | OF | Re | v/V !
| | FIRST READING| | READINGS | | |
| | (sec) | (sec) ! | | (sec)|
t ! ; l ! ! l
| 1 | 0,00317 | 0,01115 | 230 | 33 300 | 0,40 |
| 2 | 0,00253 ] 0,01426 | 230 | 27 800 | 0,48 |
| 3 | -0,00060 | 0,01939 | 230 | 19 800 | 0,68 |
} 4 | -0,00625 | 0,02750 | 230 | 13 950 | 0,96 |
| 5 | -0,00261 | 0,04078 | 230 | 9 610 | 1,41 |

| | | I |
| ron | Tout ! cicutz ‘ ('—'Tou £ 7 in) !
| | (sec) | (sec?) | (sec) |
| m |- |- l l
[ i I 0,441 | 0,125 | 0,422 l
[ 2 | 0,554 | 0,173 { 0,535 i
| 3 | 0,790 ! 0,360 | 0,769 |
} 4 | 1,041 | 0,673 | 1,018 [
l 5 | 1,588 | 1,518 | 1,560 |

The average output curves in appendices II and III show that the
shape of the response curves are affected drastically by vessel

length. Figure 3.4 shows examples of these curves for the two
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reactor lengths plotted on the same axes, for the same flowrate
(run 4). It can immediately be seen that in the case of the long
reactor the RTD curve shows a series of peaks (two can clearly be
seen), whilst the short reactor {(dotted lines) has a smoother
curve. The curves are however very.similar for a particular reac-
tor at different flowrates. This will be discussed fully in the

next section.
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3.3 EXPONENTIAL TAIL FITTING AND CONVERSION TO DIMENSIONLESS

TIME UNITS

The natural logarithm of the output curves closely approximates a
straight line from about twice the mean residence time onwards, as
is shown for two runs in figures 3.5 and 3.6. This effect is to
be expected from RTD curves of vessels with some mixing. An expo-

nential curve of the form
f(t) = ¢ exp(-bt)

is th-refore fitrad to the tail of each output curve, from twice
to six times the mean residence time. ¢ and b are calculated from
the intercept and slope of the In f(t) vs t curves (see appendices
VI and XI.3). The advantage of the tail fitting is to eliminate
the noise associated with the low radiation count rates in the

tail region.

Aftar the exponential tail fitting, the output curves are again
normalised tu wunit area under the curve, and then converted to
dimensionless time units (denoted by 6, where © = t/t). Correc—
tion for background, _vponential tail fitting, normalisation, and
plotting of curves in done in computer program "NORM" (appendix
XI1.3), and the relevant equations are given in appendix VI. Some

results are given in tables 3.7 to 3.10.

By comparing tables 3.7 and 3.8 with tables 3.5 and 3.6, it can be
seen that the mean and variance of the output cusves are increased
by the exponential tail fitting. This is to be expected, as the
integrals are now evaluated to infinity. The difference is grea-
ter for the variance, and would be even more pronounced for higher

moments.

The dimensionless output curves of all runs are given in figures
3.7 to 3.16. The curves are truncated at 6=6, by which =ime the
curve has dropped to about 0,001 of its maximum value and we have

approx 99.9% of the total area under the curve.
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TABLE 3.7. EXPONENTIAL TAIL FITTING - LONG REACTCR

| | EXPONENTIAL TAIL | NEW VALUES FOR | |
| RU§ | (NORMALISED) | — b, |
L | Tour [ u? |t LG
| I b(sec™) | ¢ | (sec) | (sec®) | (sec) | |
|1 B e fomrmee {
| 1 1} 1,607 | 1,675 | 0,650 | 0,380 | 0,631 | 0,954 |
| 2 ] 1,296 | 1,456 | 0,89 | 0,601 | 0,830 | 0,872 |
| 3 | 0,919 | 1,137 | 1,239 | 1,280 | 1,218 | 0,863 |
| 4 | 0,632 | 0,651 | 1,650 | 2,465 ! 1,627 | 0,931 |
| 5 | 0,468 | 0,470 | 2,309 | 4,997 | 2,281 ! 0,960 |
TABLE 3.8.  EXPONENTIAL TAIL FITTING - SHORT REACTOR
| | EXPONENTIAL TAIL | NEW VALUES FOR ! |
[ | (NORMALISED) | - 3 - | 2 i
30— | out ! out | | - !
I | b(sedD| c | (sec) | (sec?®) | (sec) | v ]
e e | ||
i1 12,773 | 3,676 | 0,446 | 0,136 | 0,427 | 0,746 |
| 2 12,369 | 3,430 | 0,562 | c¢,188 | 0,543 | 0,638 |
| 3 ] 1,658 | 2,361 | 0,795 | 0,384 | 0,774 | 0,640 |
| 4 | 1,160 | 1,600 | 1,049 | 0,720 | 1,026 | 0,684 |
| 5 | 0,804 | 1,133 | 1,605 | 1,631 | 1,577 | 0,656 |




TABLE 3.9. CHARACTERISTICS OF DIMENSIONLESS OUTPUT CURVES -
LONG REACTOR

EYPONENTIAL TAIL | AREA |

| l |
| RUN | (DIMENSIONLESS) | UNDER | £(8=6) |
| | | CURVE UP| f(g;;;[
l |l v | ¢ | TO®=6| l
l | | |- | l
It | 1,045 | 1,089 | 0,9980 | 0,0010 |
b2} 1,100 | 1,236 | 0,9985 | 0,0009 |
| 3 | 1,139 | 1,409 | 0,9986 | 0,0008 |
| 4 | 1,043 | 1,075 | 0,9980 | 0,0008 |
s ] 1,035 | 1,08 | 0,9979 | 0,0008 |

TABLE 3.10. CHARACTERISTICS OF DIMENSIORLESS OUTPUT CURVES -
SHORT REACTOR

EXPONENTIAL TAIL | AREA |

| l |
| RUN | (DIMENSIONLESS) | UNDER | f(9=6) |
| | ~—==~| CURVE UP| f(a%axl
| | b | ¢ | T1O8=6 | l
| |~ | I e |
| 1+ | 1,184 | 1,570 | 0,9982 | 0,0010 |
| 2 | 1,286 | 1,862 | 0,999 | ¢,0008 |
| 3 | 1,283 | 1,827 | 0,9993 | 0,0008 |
I 4 ] 1,190 | 1,437 | 0,9991 | 0,0011 |
| 5 | 1,267 | 1,787 | 0,9993 | |

In figures 3.17 and .18 the output curves of cach reactor are

) ,
e A TR PR A R R S




plotted on one set of axes. It can be seen that in dimensionless
time units the curves correspond closely, and that the differences
between them are random. The dimensionless variances (tables 3.7
and 3.8) at the different flowrates also do not differ greatly.
One can thus draw the conclusion that the flow patterns in the
vessel are independent of flowrate over the range investigated; in
other words a change in flowrate only changes the time scale of

the system. The flow is turbulent for all runs done here, as can

IR L s B B, B an it

be secen from the Revnolds numbers in tables 3.5 and 3.6. 1t is

i
L

expected that only at much lower flowrates, in the laminar flow

regime, will the flow jatterns Le different.
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3.4 FLOW VISUALIZATION

o

Various types of powders and teads were introduced into the feed
to the vessel, and the interior of the vessel was lit by strobo-
scope lighting in a dark room. The effect is that each particle
shows up a8 a line of dots, thus Indicating the direction and

velocity of the particle.

"A  suitable perticle for flow visualization tests should be small
and light enough so as to follow the air flow patterns closely

(19), but large enough to be seen by the eye or camera. Lycopo-

dium powder (30 micror) is recommended by Merzkirch (19) and is
light and free~flowing, but the particles were found to be too
small to be seen individually 1in the vessel by either eye or
camera. Using polystyrene spheres (0,5 to 1 mm) with a strobo-
scope speed of 25 000 rpm and a total flowrate of 970 m3/h, the
fiow patterns could clearly be seen with the naked eye. With
particles of this size, however, it must be remembered that the
particle trajectories do not conform closely with the gas flow

path.

In the case of the long reactor, high velocity jets of air could
he seen, exteading from the inlets to the centre of the vessel.
Surrounding these ce-tral regions was a reverse flow of air recyc-
1ing back towards the entrances. This observation confirms the

vi w that the series of pzaks in the output curve of this reactor

{5 due to recirculation in the vessel.

In the case of the short reactor only the central jets could be
distinguished and the rest of the vessel volume was well mixed.
In both cases it could be seen now the flow patterns continuously
fiuctuated, partcicularly :n the region where the inlet jets

impinged.

Photcgraphy of the flow patterns wus attempted, and the best re-

sults were obtaiued with a shutier speed of 1/60 second and an

v ~x

apercure  of /2,8, However, difficulty was experienced in focus-
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ing on a particular plane in the vessel, and the closer particles
(particularly on the bottom) obscured the picture. A better

three-dimensional effect was obtained with the naked eye.
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&, FREQUENCY ARALYSIS

4.1 INTRODUCTION

The technique of frequency analysis (13) uses the coefficients of
the Fgurier Series to characterise and analyse the RTD curves.
For this analysis, only a recording of an input perturbation and
the resultant output signal are required. The same information as
for a whole series of tests with a sinusoidallv varying tracer
input is obtained. The input and output signals are both ex-
pressed as Fourier Series over a selected finite time interval.
The Fourier coefflcients of the true RTD curve are f:.nd by cor-
recting for the imperfect input signal.

Frequency analysis has many advantages over time-domain analyses.
Complicated convolution procedures used to predict the system
response to any input disturbance become simple algebraic manipu-
lations in the frequency domain. Similarly, correction for a
non-ideal 1input pulse is also an algebraic correctiun the Fourier
coefficients. Another wuseful property of the Fourier series is
that experimental 'moise’ can effectively be smoothed out by trun—
cation of the series at a suitable frequency. Frequency analysis
also has a particular zdvantage when applied to systems exhibiting
recycle, as the natural frequency shows up on the amplitude ratio

plot.

A technique which is commonly used to analyse residence time dis-
trvibutions is the method of moments {20). This method is not used
here, as it suffers from two serious disadvantages. The first of
these is an uneven welghting of the "tail" of the RTD curve com-
pared to the initial response. HNoisy data in the tail region (due
to lower radiation count rates when using radiocactive tracers)
leads to large errers. The second disadvantage of the method of
moments 1is that only the first two moments are generally suffi-
ciently reproducible to be used, while wore than two moments are
needed to uniquely describe a vessel with complicated flow

patterns.




The Fourier coefficiénts can also be used to fit simple block-
diagram type mathematical flow models to the RTID curves (see sec-
tion 6). The theoretical model Fourier coefficients are derived
from the Laplace Transform of the Model RTID function, and are
relatively simple expressions compared to the complicated real
time solutions (see appendices VII, VIiIland IX). A least-squares
model fitting procedure is therefore much simpler in the frequency

domain than in the cime domain.

4.2 THEORY

The RTD function f(t) may be represented by a Fourier Series :

@ ©0Q
nmt S nmt
f = i _ b [hl
(t) :i:an51n T+ %;h ncos ( )
27
1 y eig DEL
where a _qf.yof(t) sin == dt (4.2)
2T
b =_1_.j £(t) dt (4.3)
o 2T %
1 27
2 ot
bp = T\Yof(t) cos — dt (4.4)

The above series expansion is subject to the Dirichlet conditions
(7), which however do not impose any serious limitation on the

type of function £(t).

The Fourier coefficients (ap,bp) of the experimental input and
output curves are evaluated from the above equations by numerical
integration (computer program ''F-ANAL", appendix XI.4). Although
the Fourier series is a periodic function, we are interested only

in the fundamental interval [0,2T] comprising one cycle. T is
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chosen sc that the input pulse has practically returned to zero at
time 2T. A value for 2T of six times the mean residence time was
found to be adequate, by which time f(t) has diminished to abeut
0,001 of 1its maximum value, and the area under the normalised

curve up to this point equals approximately 0,999.

Writing the Laplace transform of f(t), we obtain the transfer

function for the system: .

(o)

j exp(—st) £(c) dt (4.5)

o

F(s) = £ {£(e)}

where the complex variable s = da + iw,

0
Since f; |£(L)]dt is bounded (equals unity), choosing g =0 ensures
the convergence of the Laplace integral F(iw). Furthermore we may

approximate this infinite integral over the range O to 2T, if £(t)

is sufficiently small for t>2T.

Then

2T

j‘ exp(~iwt) £(t) dt
o)

it

F(iw)

Il

27 T
f f(t) cos(wt) dt - 1 f(c) cinlwt) dt
o) o)

Now from equations (4.2) to (4.4) with frequency w given by

w="1T |

" }

we have %
F(iw) = Tbp- iTap (nz1) (4.6)
F(0) = 2Tbg, : (4.7)

The above two equations relate the Fourier coefficients to the

Laplace transform of the RTD function. The frequency response of

P




the system can also be expressed in terms of the amplitude ratio

(AR) and phase lag ‘@), by writing ¥(iw) in polar form :
F(iw) = AR exp(id) (4.8)

From equation (4.6),

AR = TVa2 4+ b2 (4.9)
g = —tani(ay/by (6.10)

The number of pairs of Fourier cocffients (¥) sshich can be used,
is limited Ly the number of experimen.al readings taken. 1If the
number of ‘readings is M, then a series with N = M/2 pairs of co-
efficierts will fit the set of data points exactly. If more than
M/2 pairs of coefficients are used then a cyclical repetition of
previous cocfficients will occur — a phenomenon called aliasing.
The corresponding hignest possible frequency, called the folding

frequency is given by w =MT/2T.

By choosing N<M/2, some hLigh freguency content of the signal wilil
be lost. As the high frequency content is mainly noise, this
truncation of the Fourier Series results in a smoothing of the
curve. The amplitude ratio plot (AR vs w) is used to determine
the truncation frequency, i.e. the frequency above which the amp-
litude of the signal drops below that of the noise (see e.g.

figure IV.5).

If the input pulse is recorded at the vessel inlet, then the
Fourier coefficients of this curve can be usad to correct those of
the output curve, so as to obtain che coefficents of the true RTD

curve. For a linear system,

Fout(s) = F(s).F;ju(s’

where subscripts '"in'" and "out" refer to the input and output, and

F(s) is the transfer function. Writing equation (4.6) for each of

53.




the three F(s) functions, we obtain
( Thngyt iTanin) = (Tby - iTan)'(Tbn;n’ iTa”ig
Equating real and imaginary parts,
bout™ T(bniPn = anifn)
anout™ "(aniPn = 2 bnin’
The Fourier coefficients of the true RTD function are given by

bnim@nout —@niPnout

b= bpipbnovt +3nimMnout

4.3 RESULTS OF FREQUENCY ANALYSIS

The Fourier coefficients and the corresponding amplitude ratios
and phase lags are computed for each dimensionless output curve
(using program TF-ANAL,appendix XI.4). A total of M/2 pairs of
coefficients are computed for each output curve, where M is the
number of experimental points up to © = 6. Plots of the Fourier
coefficients, amplitude ratio and phase lag for each run are given

in appendices IV and V.

The Fourier coefficients are seen to follow a characteristic
pattern for each reactor up to a certain frequency, above which
noise predeminates and the coefficients oscillate randomly about
Zero. As discuzsed in section 4.2, the Fourier Series is trun-
cated where the noise becomes predominant. The truncation fre-
quency is determined from the amplitude ratio plot, where log AR

is seen to take a sharp dip and thereafter oscillaze randomly.

e e




The suitable truncation point shows up more clearly in some AR
plots (e.g. figure 1IV.5) than others. Truncation and folding
frequencies are listed in table 4.1. TFrequencies are given in
terms of n (the Fourier coeffient pair number); the frequency in
rad/sec is given .by w = nw/T, where a value for T of 3 is used for

all curves.

TABLE 4.1. TRUNCATION AND FOLDING FREQUENCIES

| l LONG REACTOR | SHORT REACTOR |
I | | _—

| RUN | TRUNCATION | FOLDING | TRUNCATION | FOLDING |
| | FREQ (n=N) |FREQ (n=M/2)| FREQ (n=N) |FREQ (n=M/2) |
| | |- |- l |
R 57 [ 96 1 26 | 115 1
| 2 | 48 | 125 | 34 | 114 |
| 3 | 70 | 125 | 35 1 120 |
[ & | 61 l 118 | 40 l 112 |
[ 5 | 55 | 113 | a5 | 116 1

The amplitude ratio plots of the long reactor show a characteris—
tic hump at about n = 15, called the natural frequency. This phe-
nomenon is due tu the series of peaks in the output curve and is
characteristic of systems with recycle. The significance thereof

is discussed further in appendix X.

Truncated Fuurier series curves generated frowm the coefficients
are seen to approximate the experimental points well, with effec~-
tive smoothing out of some noise. Two examples of the fits are
shown in figures 4.1 and 4.2. These curves (as well as all sub-
sequent ones) are only plotted up to €& = 3, as there is no impor-

tant detail beyond this point. The oscillations of the Fourier

55.
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curves over the first few and last few (near © = 6) points is due
to the Gibbs phenomenon in the vicinity of sharp changes, and is

of no importance here.

Fourier coefficients of the input curves are also computed, after
conversion of these- curves to the same time units as the corre-
sponding output curves. The Fourier coefficients of the RTD func-—

tion are then computed using equations (4.11) and (4.12). TFourier

curves generated Crom these corrected coeffients are compared to
the uncorrected curves in figures 4.3 and 4.4. The runs with
highest flowrate are illustrated, i.e. where the spread of the

input curve was greatest (in © units) and the corroction most

significant.

The corrected Fourier series curves representing the RTD functions
are all plotted in figures 4.5 and 4.6 for the two vessel lengths
respectively. " The curves for different flowrates are now seen Lo

correspond even more closely than in figures 3.15 and 3.16.

Typical dimensionless RTD curves of the two reactors are shown on
the same axes in figure &.7. The high first peak of the long
reactor RTD 1is a weakness of this reactor, allowing about 30% of
the feed to leave within one third of the mean residence time (see

section 6.1). The more well-mixed RTN of the short model would i%

result in higher conversions per unit reactor volume for simple

reaction schemes.
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5. MATHEMATTICAL MODELS

5.1 PROPOSED FLOW MODELS

e 0 A A A 3 it

In order to use the residence time distribution curve for predic-
tion of conversion within the reactor, it is necessary to have
further information regarding the flow patterns. This information
is obrained from flow visualisation experiments (section 3.4) and
the shape of the RTD curve. Based on this knowledge, and taking
into account the physical configuration of the vessel, various
: flow models are proposed and tested. In the following dircussion
; and in section 6 an attempt is made to arrive at the most raalis-
tic flow model, acknowledging however tiirt the RTD curve may be

i represented by more than one flow scheme-

Due to the symmetrical shape of the reactor, it is assumed that

tie low patterns in the two sides are the same. (This is why

- tracer is injected on one side only). We therefore need only look

at one side of the reactor.

i B AR S

O

3

FIGURE 5.1 VISUALISATION OF FLOW PATTERNS

i, AN




From the geometry of the reactor and from the flow visualisation
tests, it is clear that two broadly differing flow régions can be
distinguished. Region 1 is the high velocity turbulent diverging
inlet jet, extending to under the outlet, where it impinges on the
opposing jet. At impingement the jet is deflected laterally in
all directions. Part of the air flows straight ou. the exit and
part enters flow region 2 which surrounds the inlet jet. Inm
region 2 the flow is more "mixed" than in region 1. Region 2 can
be viewed as a zune of recirculation, the air being re-entrained
by the inlet jet ("Recycle model"). Alternatively, regiom 2 can
be seen as a well-mixed region (CSTR) exchanging fluid at the
outlet of region 1 ("Bypass model"). It would “e evpected that
recirculation would be more established ir a .- actor with large
length/diameter ratio, as was seen in Che flow visualization ex—

periments for the two vessel lengths.

LAY
7Y

1- r 1=
) P P {(2) (>L,J L 1-p

4
ST —{ 0

Recycle model® ‘Bypass model’

FIGURE 5.2 PROPOSED FLOW MODELS
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Obviously these two models are gross approximations; a more rea—
listic model would include several paths for exchange of fluid
between the twe regions. However, it is important not to intro-—
duce too many parameters into the model, as the model may become -i:f
too flexible. An unrealistic multiparameter model could be forced
to fit the response curve in this way. One should therefore aim
for the simplest model which fits the data (4). This is illus—

trated and discussed further in section 6.

5.2 LAPLACE TRANSFORMS

The zransfer function for a linear system Is defined as: :<; i
: ;t
cals) " |

F(s) = =L {EC)} = | £(t) exp(-sc) dt (5.1) -3
ci(s) o -

where f(t) is the RTD function and cg(t) and ci(t) are the ourput
and input concentration functions. F(s) may be written in terms ] ?

of Fj(s) and Fo(s) by mass valance, where

i
it

Fl (s)

i{fl(t)} transfer function of region 1 ? 31

Fp (s)

il
i

£ {f2()}

transfer function of region 2

For the recycle model, a tracer mass balance over the point

indicated by the dotted line in figure 5.2 yields: :ff

(lup)ci(s) + pFa(s)eg(s) = ¢/ (s)

where cos) = Fy(s)ec’/(s)

Substituting c¢’(s),

i Sl

¢y (s)

Fy (s) e

[}

(1-p)cj(s) + pFa(s)cy(s)




1t
@]

(1-p)Fy(s)ei(s) + [pFi(s)Fy(s) - 1] ¢ (s)

Co(s) - (1"‘P) Fl(s)

F(s) =
c;(s) 1 - pFl(S)Fz(S)

(5.2)

where p = recycle fraction

The recycle ratio R is also sometimes used :

For the bypass model, a balance over the point indicated in figure

5.2 yields:

(1-p)Fy(s)ci(s) + pF(s)F,(s)ci(s) = cols)

co(s)
¥(s) = 'Z}TET = (1—p)F1(s) + pFl(s)Fz(s)

!

(5.3)

F(S) r'z(S) (1 - p + sz(S))

It

The following transfer functions are used for Fij(s) and Fo(s):

Ideal mixing (CSTR):

1

TS + 1

Fy (s) (5.4)

mean of f;(t)

[

where Ty

R BT T e




Mixed tanks in saries (gamma distribution):

1
Fp (s) =
(t.s/n, + 1) (5.5)
1 1
where T] = mean of fj(t)

n; = number of stirred canks

i

g% & variance of fj(t) T%/nl

Taylor's axial dispersion model : (see appendix VIII.3)

2 4 2 3
Fp(s) = exp | ‘1 _ L s U (5.6)
2 i 2
9 % Oy

5.3 MODEL FOURIER COEFFICIENTS

The TFourier coefficients of the mathemestical model can be calcu-
latcd from the Laplace Transform by rewriting equaticns (4.6) and

(4.7) -s

b = 1/2T (5.7)
ag = —=(1/T) Im [F(iw)] (5.8)
by = (1/T) ®e [F(iw)] (5.9)

where Re [ ] and Im [ ] are the real and imaginary parts of the

complev number F(iw) at any frequency w.

Equations for the model Fourier coeffcients are derived in Appen-

dices VIT_. and IX, and the results are summarised here.




S

Recycle model with a Gamma distribution in each loop

Independent variables : p,'rl,o“lg 0‘22

Other variables (1-p) Tt~ T

2 P (see appendix VII)
v =
¥ Tl+ p T2

nyp N1 N2
(1 p)r? [Il T cos(nlel) p cos(nzez)]

2 2
F(iw) = + i(l-—p)rng—r?l rgzsin(nlel) - p sin(ny8,)]
r’fnl r§n2 - Zpr?l rgzcos(nlel+ n,8,) + p2
a - 1 (1—p)r22[r?1 rgzsin(nlel + p sin(ny9,)

n =
T A2 - 2prlf2cos(n @) + my8,) + p2

1 (1-—p)r32[r?1 rgzcos(nlel - p cos(n,8,)

T 1‘1nl rznz - Zpr?l rSQ con(m B + ny8,) p2

2,2
Ty W
/f—ﬁ{\ + 1 el = tan -1 ( .____.1 )

T
where n =

1 m
/-_"—"—"‘——-—-—t
/2 - Tzw

rz = / '[’;)_wz.,. 1 8 = tan ! (-—-——-)

el 2 n

n22 2

ny =;13= equivalent number of mixed tanks in region 1
n2=122= equivalent number of mixed tanks in region 2
0'22
ny and ny need not be whole numbers

[y

(5.10)

(5.11)

(5.12)

(5.13)

The above model equations can be wused for the following less

general models

-~ Plug flow in region 1 and/or 2 n; and/or ny —

)

( ry= 1= 1, B8y= By= 0, nq0y= YTy, Ny 8y = v,




~ Instantaneous recycie : T =0
(=1, 8,=0)

~ Gamma distribution only : p=0, 1, =20

Recycle model with axial dispersion in both loops :

Independent variables : p, Tl,Glz, 022

(1-p) exp a; [cosB; - p exp(aj+ a,) cosB,
“F(iw) = - 1 sin B1- ip exp(a;+ ay) siaB, ] (5.14)

1 - 2p exp(a;+ ay) cos(Bi+ By) + p?exp(2al+ 2a,)

1 (1-p) exp ay [sinBl + p exp(a;+a,) sin 82]

a, = -
n
T 1 - 2p exp(al+ az) cos(By+ Ba) + pzexp(2a1+ 2a2)
(5.15)
by = 1 (1-p) exp a [cosB1 ~ p exp(a,+ a,) cosB, ]
T 1 -2p exp(al+ a, ) cos (B + 82) + pzcxp(231+ 2a2)
(5.10)
where a; = Ay -0y
[} = 5 = i €]
1 T, CO 91 61 rlsln )
O, = T,C0Ss 92 32 = rzsin 62
1
" L 2% - el
n o= (&7 B o = 0,5 tan™(B /A
Ty = (Azq'+ Bzz)g 92 = 0,5 tan"](BZ/Azz)
A1 = le/ 012 By = ?ﬁ?w/clz
A2 = T22/ 022 ]32 = }"!'12,_3‘\'/022 (5.17)
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71.
Bypass model with region 1 a Tg,amma distribution and region 2 a
CSTR : ' ‘
Independent variables : PsTy 0'12
Other variables : ¢, = (T - T,)/p
Vl /V = Tl/T
1 2.2 _ 24,2 ~ :
(1 * T, W PTSw Jces n, 8, PT,w sin n;8,
F(iw) = - i [(1 +T22w2 - p"f;zzwz)sin n,8; + pTaw cos n)€)] (5.18)
rlnlé(l +T22W2)
2. 27,
ap __J; {1+ (1~p)'l‘2w Jsin 6, + pT,w cos nlel
T £ /% +T?2w2) (5.19)
b, = L [1 + (1-p)tPw?cos n18) - pTow sin n1@) :
n ny Ao 2,2 i
2,2 |
T, “W |
where ry = S |
n, 4 1
! -
-1 TIW ..
01 = tan L (5.21) e
n

= smmw




5.4 FITTING OF MATHEMATICAL MODELS

5.4.1 Least Squares ¥'t of Fourier Mefficients

The experimental Fourler coefficients have been determined in sec-
tior 4.3, and we have seen how the theoretical cnefficients of the
model are derived, the latter set of coefficients being functionms
of the model parameters. The model paramerers may now be vari. d,
to give the best fit between the experimental and theoretical co-

efficients.

o o

Let e = jE: ap sin{nmt/T) + zl.bn cos(nyt/T)

n=y n=0
o0 oo
and  alt) - - & sin(aTt/T) 4 j{:bg cos(nmwe/T)
=] n=Q

where f(t) is the experimental RTD curve

and g{t} 1s the theoretical model RTD.

. order to obtain the closcst fit between f(t) and g(t) in the

time dowair, we winimise 52, where

{"?o

at
(1727) g [E(e) - g(t)]* de
"o

(1/21) SQT[

O

(a

PM]s

7 .
; n- an) sin (nrt/T)

i
g

2
+ EZ (bn - bg) cos (nwt/T)] dt

n=0
w o
_— 2 2

6 I e . oaf : T - ‘Y.

S0,5 0 2. (s af) w2 (b = b)) (5.22)

N=1 n=1




Doing a least-squares fit of the Fourier coefficients (equation
5.22) is thus equi&alent to a least-squares fit in the time do-
main. The IMSL program "ZXMIN" which uses a quasi~Newton minimi- )
sation routine (21,22} 1is used to minimise Sz and produce the
corresponding model parameters. (See appendices XI.53, XI.& and

XI.7 for the various computer programs).

A mearcure of how well the model fits the experimental RTD curve is

given by the average difference between the experimental and theo-
retical Fourier coefficients, i.e. V5%/N, where the summations

in equation (5.22) are summed to n = N (the truncation frequency).

5.4.2 Regeneration of the RTD Curve

The  Fourier coefficients of the model evaluated in section 5.4.1 i
can be used to regenerate a Fourier series. This is then the RTD
curve predicted by the model, obtained by numerical inversion the
transfer function. This model RTD curve can now be compared with
the experimental curve, and the degree of fit further examined.

Fourier curves are generated in program F-ANAL (appendix XI.&).

5.4.3 Variarion of Model Parameters with Frequency

If the mathematical model .ere to contain two parameters, these

could be evaluated at different frequencies by solving the two

Fourier coefficieut equations using the experimental values for a,

and bn. However, the models used in this work contain three to

four parameters, wiick an therefore not be evaluated at a single

e N

frequency. Instead, a2 least-squares fit 1is done over a few
Fourier coefficients at a time (five are used here) at increasing
frequency, using the same technique as in section 5.4.1. Thus the
model parameters are evaluated over consecutivs fraquency bands.
For a model which £its the data well, the parameters would be
expected to vremain approximately constant, i.e. independent of
frequency. This method can therefore be used as a criterion for

choosing between competing models.




Doing a least-squares fit of the Fourier coefficients (equation
5.22) 1is thus equi?alent to a least-squares fit in the time do-
main. The IMSL program "ZXMIN'' which uses a quasi-Newton minimi-
sation routine (21,22) is used to minimise S° and produce the
corresponding model parameters, (See appendices XI.5, XI.6 and

XI.7 for the various computer programs).

A measure of how well the model fits the ex, -ntal RTD curve is
given by the average difference between the experimental and theo-
retical Fourier coefficients, i.e. \/SZ/N, where the suwmmations

in equation (5.22) are summed to n = N (the truncation frequency).

5.4.2 Regeneration of the RTD Curve

The Fourier coefficients of the model evaluated in section 5.4.1
can be used to regenerate a Fourier series. This is then the RTD
curve predicted by the medel, obtained by numerical inversion the
transfer function., This model RTD curve can now be compared with
the experimental curve, and the degree of fit further examined.

Fourier curves are generated in program F-ANAL (appendix XI.4).

5.4.3 Variarion of Model Parameters with Frequency

If the mathematical model were to contain two parameters, these
could be evaluated at different frequencies by solving the two

Fourier coefficient equations using the experimental values for an

and bn. However, the models used in this work contain three to

o aranct SR A b R VIO

four parameters, wiich can therefore not be evaluated at a singie
frequency. Instead, a least-squares fit 1is done over a few
Fourier coefficients at a time (five are used here) at increasing
frequency, using the same technique as in section 5.4.1. Thus the
model parameters are evaluated over consecutivz frequency bands.
For a model which fits the data well, rhe parameters would be
expected to remain approximately constant, i.e. indcpendent of
frequency. This method can therefore be used as a criterion for

choosing between competing models.




6. RESULTS OF MATHEMATICAL MODEL FTTTING

6.1 Long Reactor

The flow wvisualization experiments and the shape of the experi-
mental RTD curve suggest that the recycle model be tested first in
this case. Least squares fits of the Fourier coefficients are
done, as described in section 5.4.1. Metk:zds described in appen-—
dices VII and X are used to obtain first estimates of the model

arameters. By using caccful estimates, ithe minimisation proce—
g s

dure converged in each case.

Values of ‘ie model parameters giving closest fit of the recycle
model with a gamma distribution (tanks-in-series) in each loop are

given in table 6.1.

The value of +/SZ/N gives the average difference between the ex—
perimental and theoretical Fourier coefficients and is in all cases
very small compared to the values of the coefficients. Figure 6.1
shows an example (run 5) of how closely the theoretical coeffici-
ents (dotted lines) fit the experimental values. It can clearly
be seen how the experimental curve is affected by noise at high

frequency.

The first two independent variables in table 6.1 are seen to re—
main constant, the differences between runs being arbitrary. The
other two independent variables, namely the two variances, differ
conciderably (especially UZZ/T;ﬁg This is because the variances
are of secondary importance, small changes in their values not

affecting the shape of the RTD curve significantly.
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TABLE 6.1. MODEL PARAMETERS FOR LEAST-SQUARES FIT' OF THE RECYCLE
MODEL WITH A GAMMA DISTRIBUTION IN EACH LOOP

| : INDEPENDENT VARIABLES

l |
| RUN |-~ | |
| I T A R L |
||~ | l l | |
| 1 | 0,675 | 0,217 | o0,085 | 1,63 | 0,0057 |
| 2 | 0,726 | 0,206 | 0,100 | 0,9 | 0,0026 |
| 3 | o,711 | 0,18 | 0,125 | 0,34 | 0.,0049 |
| 4 | 0,738 | 0,174 | 0,083 | 0.9 | 0,051 |
| s | o0,68 | 0,207 | 0,067 | 1,16 | o0,0030 |
| | OTHER VARIABLES (DEPENDEN1) |
| RUN | l
l U PR O P
I ! |- |~ | | l
| 1 | o0,142 | 11,7 | 0,61 | 2,06 | 0,694 |
| 2 | o0.087 | 10,0 | 1,11 | 2,65 | 0,764 |
| 3 | 0,13t | 8,0 | 2,98 | 2,46 | 0,670 |
{ ¢ | o0,109 | 12,1 | 1,00 | 2,82 | 0,684 |
| 5 | 0,149 | 14,9 | 0,86 | 2,17 | 0,670 |

Using different half loop distributions (Fl(s) and Fz(s)) should
therefore not affect the values of the primary variables (tyand p)
significantly. This 1is shown by fitting a recycle model with
axial dispersion in each loop, resulting in the parameters in
table 6.2. Dimensionless variances are used as‘parameters instead
of dispersion coeefficients or number of stirred tanks in series,
so that easy comparison may be made. The degree of fit (VS 2/N)

is approximately equal for the above two recycle models.




TABLE 6.2. MODEL PARAMETERS FOR LEAST-SQUARES FIT OF THE RECYCLE
MODEL WITH AXIAL DISPERSION IN EACH LOQP

INDEPENDENT VARIABLES | | DEPENDENT VARTABLES

0,67 | 0,0045] 0,122
1,28 | 0,0034] 0,156

0,721 | 0,183 | 0,102
0,675 | 0,213 ] 0,076

1 .

i |

| RUN | 5 5= Vs2/n | f
SN G’

| Lop ooy | =5 |5 | o, IR Vv
T Ta"

el B |t 2] | | ! 1

| 1 | 0,654 | 0,228 | 0,103 | 1,30 | 0,0048] 0,160 | 1,89 | 0,685 |

| 0,707 | 0,216 | 0,123 | 0,55 | 0,0022] 0,098 | 2,41 | 0,758 |

| ¢,692 | 0,203 | ¢,155 | 0,18 | 0,0039] 0,141 | 2,25 | 0,674 |

| | | !

| % l i

The Fourier cocfficients {rom the least-squares fits are used to
generate the theoretical model RTD curves. These curves are now
comparec with the experimental curves. Examples are shown for
runs 2 and 5 in figures 6.2 to 6.8. The theoretical curves are
shown with dotted lines. Equally good fits are obtained for the
gamma distribution and axlal dispersion versions of the recycle

model.

As the variance in region 2 (0571;5 is of lesser importance and is
equal to one on average, a simpler 3-parameter recycle model is
proposed with region 2 vrepresented by one CSTR (for a CSTR,
0%'ﬁél/n =1), The resulting parameters of a least-squares fit of
this model are shown in table 6.3. The results are very similar
to table 6.1 and the RTD curve fits are practically as good. Note
that the area under the first peak of the RTD curve given in table

3.5 very nearly cquals l-p {sce appendix VII).

The theoretical model RTD curve fits for all the runs are drawn on
one set of axcs for each of the 3 recycle medel variations in

figures 6.9 Lo 6.11.
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TABLE 6.2. MODEL PARAMETERS FOR LEAST-SQUARES FIT OF THE RECYCLE
MODEL WITH AXIAL DISPERSION IN EACH LOOP

| INDEPENDENT VARTABLES | | DEPENDENT VARIABLES
RUN |- - [V S2/N |—
C a2 022 l ‘ | w
I p I | —== —=3 T R I
: 1 le . 2 2 1

2 |

| [ IS |

l |
| |
1 ] 0,654 | 0,228 | 0,103 | 1,30 | 0,0048] 0,160 | 1,89 | 0,685
| 0,707 | 0,216 | 0,123 | 0,55 | 0,0022| 0,098 | 2,41 | 0,753
! |
| i
! l

2

3 | 0,692 | 0,203 | 0,155 | 0,18 | 0,0039] 0,141 | 2,25 | 0,674
4 | o,721 | 0,183 | 0,102 | 0,67 | 0,0045] 0,122 | 2,58 | 0,675
5 | 0,675 | 0,213 | 0,076 | 1,28 | 0,0034] 0,156 | 2,08 | 0,670

The TFourier cocfficients from the least-squares fits are used to
generate the theoretical model RTD curves. These curves are now
comparec with the experimental curves. Examples are shown for
runs 2 and 5 in figures 6.2 to 6.8. The theoretical curves are
shown with dotted lines. Equally good fits are obtained fnr the
gamma distribution and axial dispersion versions of the vecycle

model.

As the variance in region 2 (cgyrgﬁ is of lesser importance and is
equal to one on average, a simpler 3-parameter recycle model is
proposed with region 2 represented by one CSTR (for a CSTR,
of 1%1/n =1).  The resulting parameters of a least-squares fit of
this model are shown in table 6.3. The results esre very similar
to table 6.1 and the RTD curve fits are practically as good. Note
that the arca under the first peak of the RTD curve given in table

3.5 very nearly cquals l-p {see appendix VI1).

The theoretical model RTD curve fits for all the runs are drawn on
one set of axes for each of the 3 recycle model variations in

figures 6.9 to 6.11.




TABLE 6.3, MODEL PARAMETERS FOR LEAST-SQUARES FIT OF THE RECYCLE
MODEL WITH A GAMMA DISTRIBUTION IN ThLE FORWARD LOOP AND
A CSTR IN THE RECYCLE

l | INDEPENDENT VARIABLES | l DEPENDENT VARIABLES |
! | IVs2/n | x
Lrow [ p | 1y 1o 2/7 2] l r? [ 'ng [ R | vy/v |
I [— | R | -] ! I |
[ 1 | 0,671 | 0,218 | 0,088 | 0,0059] 0,147 | 11,3 | 2,04 | 0,689 |
[ 2 | 0,727 | 0,204 | 0,799 | 0,0076| 0,086 | 10,1 | 2,66 | 0,766 |
| 3 [ 0,729 ! 0,184 | 0,111 | 0,0053| 0,111 | 9,0 | 2,69 | 0,696 |
| 4 | 0,738 | 0,174 | 0,083 | 0,0051| 0,109 | 12,1 | 2,82 | 0,684 |
| 5 | 0,685 | 0,207 | 0,0¢8 | 0,0031]| 0,149 | 14,7 | 2,17 | 0,670 |

The "bypass model" with region 1 a gamma distribution and region 2

a GSTR was also fitted to the data, and the results are given in

table 6.4

TABLE 6.4. MODEL PARAMETERS FOR LEAST-SQUARES FIT OF THE BYPASS
MODEL

— — -

| | INDEPENDENT VARTABLES | i

I
| RUN | sz | Ty
[ T S P VA% | l
| -] | e I ! |- |
| 1 ] 0,798 | 0,192 | 0,051 | 0,0038 | 0,964 | 0,200 |
| 2 | 0,847 10,176 | 0,065 | 0,0043 | 0,943 | 0,181 |
| 3 | 0,85 | 0,154 | 0,063 | 0,0052 | 0,963 | 0,158 |
| 4 | 0,844 | 0,154 | 0,045 | 0,0044 | 0,669 | 0,158 |
| 5 | 0,779 | 0,192 | 0,047 | 0,0049 | 1,013 | 0,196 |




Although the values ofv/§§7§ are about the same as for the recycle
models, examination of the RTD curve fit (figure 6.5) shows that
the bypass model is a poorer modei, as the second peak in the RTD
is not modelled at all. The smaller values of Tl,clzlrlzand v&/v
and larger p are as exjpected, as region 1 comprises only incoming

fluid, all recycling being contained in region 2, for the bypasé

model .
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The diff»rent models can also be compared by looking at the para-
meter vs w plots, as discussed in section 5.4.3. Plots of the two
primary variables, p and T,» are given in figures 6.12 to 6.15 for
the various recycle models and the bypass mcdel, using run 5 as an
example. The other two variables Qﬁz/le andczz/rf) are not
plotted as the noise level is too high. The dotted lines shows

the values of the parameters obtained from the least-squares fit.

It can be seen that the plots for the recycle model with either
axial dispersion or a gamma distribution in each loop produce
similar plots and therefore have equal merit. If the recycile
model with one CSTR in the fecycle (figure 6.14) 1is compared to
the bypass model (figure 6.15), it can be seen that the parameters
vary far less with frequency in the former case. The recycle
model is therefore a much better representation of reality than
the bypass model, in accordance with previous deduction. (Rote
that only models with an equal number of parameters can be com-

pared by this method).
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FIGURE 6.12. PARAMETERSCW’THERECYCLEMODELWFN%GAMMA

DISTRIBUTIONS IN BOTH LOOPS - LONG REACTOR
RUN 5.
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FIGURE 6.13. FARAMETERS OF THE RECYCLE MODEL WITH AXIAL
DISPERSION IN BOTH LOOPS - LONG REACTOR RUN 5.
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FIGURE 6.14. PARAMETERS OF THE RECYCLE MODEL WITH A GAMMA
QISTRIBUTION IN THE FORWARD LOOP AND A CSTR
- "IN Thi RECYCLE - LONG REACTOR RUN 5.
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FIGURE 6.15. PARAMETERS OF THE BYPASS MODEL -
LONG REACTOR RUN 5.
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6.2 SHORT REACTOR

The RTD curves of the short reactor (figure &.7) do not show the
characteristic peaks associated with recycling, as was the case
with the long reactor. The amplitude ratio plots also do not show
the characteristic mnatural frequency. The curves are morg Scai-
tered .an in the case of the long reactcr. It is therefore =x-
pected that there is not enougii information in the RTD curves to

extract four parameters.

The model parameters from a leas:-squares fit of <he recycle model

wita a gamma distribution in each loop are given in table 6.5.

TABLE #.5. MODE! PARAMETERS FOR LEAST—-SQUARES FIT OF THE RECYCLEZ
MODEL WITH A GAMMA DISTRIBUTION IN EACH LOOP

i e e o At e o .

[ INDEPENDENT VARIABLES

% l l 6
| RUN }--- SR A2 B B PO
| | p | v | tng | t/my | t |
e || i | ;
| 1 ] 0,708 | 0,290 | 0,105 | 4155 | 0,0031 | 0,0031;
| 2 | 0,931 | 0,197 | 0,079 | -0,274 | 0,0025 | -0,138 ]
| 3 ] 0,938 | 0,211 | 0,039 | ©,079 | 0,0048 | -0,159 |
| & | 0,772 ] 0,303 | 0,130 ' _0,877 | 0,0030 | -0,098 |
| 5 | 0,83 | 0,250 | 0,082 | -1,01t0 | 0,0021 | -0,102 |

The above least-squares fit has produced impossible values fov
some of the parameters (T, and nz). This is clearly because we
are trying to extract too many parameters. In figures 6.17 to
6.23 the regenerated model RTD curves are compared to the exper.i-
mental curves, using runs 2 and 5 as examples. In figure 6.20 wn
can see how in the least-squares fit, the model has used & negau-

tive 1, to fit the two reaks which are actually due to nrise only.
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Using one CSTR in the recycle loop improves matcers somewhat, re-
sulting in very small negative values for T,. In the next trial,
T, was therefore set equal to zero; i.e. instantaneous recycle.
For this model there are only two independent parameters, namely p
and Gl%rz; with the mean residence time T equal to 1, we have T; =

l"p‘

TABLE 6.6. MODEL PARAMETERS FOR LEAST SQUARES FIT OF THE RECYCLE
MODEL WITH A GAMMA DISTRIBUTION 1IN THE FORWARD LOOP
AND INSTANTANEOUS RECYCLE

| INDEPENDENT VARIABLES |

RUN | — —| A/s?/x

l l I
1 A
1 I T VAR 1 i
| -—1 l | | !
| 1 | o,710 | 0,10 | o,c03r | 0,290 |
| 2- | 0,609 | 0,20 | 0,0028 | 0,391 |
| 3 | o,710 | 0,14 | o0,0063 | 0,290 !
| 4 | 0,583 | 0,22 | 0,703 | 0,417 |
[ 5 | o,588 | 0,23 | o,0052 | 0,412 i

The RTD curve fits of figures 6.18 and 6.21 show good fits for
this model. However, comparison of the parameters for various
runs shows large variations, although the RTD curves of the dif-
ferent runs are similar. Also, a large value of p corresponds

with a small wvalue of ¢ 2/T 2 in each case. The conclusion is

1 1
thus that the two parameters are not truly independent, as they
have a large covariance. This is becaure both the parameters p
and 012/'512 describe the degree of spread of the RTD curve of this

model (both describe mixing) .

One could therefore be led to suggest a model containing only one
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of the above two parameters, i.e. either setting p=0 (an ordinary
stirred-tanks—in-series model) or settingclq%12=0 (plug flow with
recycle). A simple plug-flow-with-recycle model is however not
realistic, considering the geometry, and it would produce an RTD

with a series of discrete spikes.

Parameters for a least-squares fit of the tanks-in-series model
(using two independent variables) are shown in table 6.7, A
moment-matching analysis was also done in this case as only the
first two moments are required. Figure 6.22 clearly shows that a
tanks—in-series model fits the RTD curve poorly, not being able to

model the initial delay, sharp rise and exponential decay.

TABLE 6.7. MODEL PARAMETERS OF TANKS-IN-SERIES MODEL

PARAMETERS FROM
MOMENT ANALYSIS

| PARAMETERS FROM
LEAST-SQUARES FIT

| | l
i l |
| RUN- [-- -] {
| | I -G P L
] - l l |
| 1 | 0,839 | 0,557 | 1,00 | 0,746 |
| 2 | 0,875 | 0,495 | 1,00 | 0,sm8 |
| 3 | 0,893 | 0,514 | 1,00 | 0,640 |
| &4 | o,84 | 0,477 | 1,00 | 0,684 |
| s | o,es8 | 0,48 | 1,00 | 0,656 |

Probably the simplest model which could reasorably represent the
RTD curve is a plug flow region followed by a CSTR, The plug flow
would produce the initial delay in the RTD curve and the CSTR

would model the exponential decay.
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FIGURE 6.16. PLUG FLOW AND CSTR IN SERIES MODEL

The two model parameters can easily be deduced from the slope of

the Tlogarithmic onlots used in the exponential tail fitting (see

section 3.3). The dimensionless RTD function is given by

£(9) = {o for € < T,
(1/15) exp[-(1/7,)(8 ~T1)] for > T,
Therefore, for 8> 1

1&

£(8)

1

[(1/72) exp(Ty/12)] exp(-8/1,)
c exp(-bo)

i

b and ¢ are given table 3.10. The values ole and T, are given in

table 6.8.
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TABLE 6.8. PARAMETERS OF MODEL WITH PLUG FLOW AND CSTR IN SERIES

| l | l
| RUN | T, \ T, [
| | (= 1/b) | (=1-71,) |
: = —I |
| 1 | 0,84 | 0,16 !
| 2 | 0,78 | 0,22 |
| 3 | 0,78 | 0,22 |
l 4 | 0,84 | 0,16 |
| 5 | 0,79 | 0,21 |

The simple plug flow/CSTR model can be improved upon by allowing
some backmixing in the plug flow region (e.g. gamma distribution)
and an alternate bypass route around the CSTR - this results in
the "bypass mcdel'. In reality then, region 1 of the model repre-
sents the turbulent jet of air issuing from the inlet, ard region
2 is the remaining well-mixed region of the vessel. The bypass
in the model allows for some of the air to short circuit from the
point of jet impingement directly out. It must be noted however
that the bypass model does not exclude the possibility of recyc-
ling in the vesset; it should be interpreted that the circulation
in the region surrounding the central jet is so rapid that it can

be represented by a CSTR.

The parameters resulting from a least-squares fit of the bypass

model are given in Table 6.9.
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l | =1/m) | (= 1-1)
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! 1 | 0,84 | 0,16 |
| 2 f 0,78 | 0,22 |
| 3 { 0,78 | 0,22 |
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The simple plug flow/CSTR mod:l can be improved upon by allowing
some backmixing in the plug flow region (e.g. gamma distribution)
and an alternate bypass route around the CSTR - this results in
the "bypass mcdel". In realicy then, region 1 of the model repre-
sents the turbulent jet of air issuing from the inlet, ard region
9 is the remaining well-mixed region of the vessel. The bypass
in the model allows for some of the air to short circuit from the
point of jet impingement directly out. It must be noted however
that the bypass model does not exclude the possibility of recyc-
ling 1in the vessel; it should be interpreted that the circulation
in the region surrounding the central jet is so rapid that it can

be represented by a CSTR.

The parameters resulting f£rom a least-squares fit of the bypass

model are given in Table 6.9.
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TABLE 6.9. PARAMETERS FOR LEAST-SQUARES FIT OF THE BYPASS MODEL

Independent Variables Dependent variables
P

|

| RuN | |V s?/n | e |
l bop | Ty l 012/T1% | Ty I /v !
1 |- \ - —1- —| ! l
| 1t | 0,853 | 0,244 | 0,087 | 0,0042 | 0,886 | 0,244 |
| 2 | 0,935 | 0,236 | 0,144 | 0,0025 | 0,817 | 0,226 |
| 3 ] 0,98 | 0,183 | 0,043 | 0,004 | 0,844 | 0,183 |
| 4 | 0,964 | 0,219 | 0,132 | 0,0032 ' 0,810 | 0,219 |
| 5 ] 0,973 | 0,199 | 0,112 | 0,0043 | a,823 | 0,199 |

The high values for p show that almost the entire flow from region
1 enters region 2, with only about 4% bypass. The results for rum
1 do not correspond with the others as the RTD curve of run 1 dif-
fered considerably from the rest and is not considered representa-
tive. The bypass model RTD curves were shown to fit the experi-

mental data well in all cases (see figures 6.19 and 6.23).

The plots of the two primary parameters of the bypass model vs
frequency (figures 6.24 and 6.25) show larger variations than was
the case with the long reactor model. This is to be expected as

the RTD curves contain more noisc.
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